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INTEGRATED CIRCUIT REFRIGERATION
DEVICE

FIELD

The present invention relates generally to integrated cir-
cuit cooling systems, and more specifically to integrated
circuit cooling systems employing heat pipes.

BACKGROUND OF THE INVENTION

Integrated circuit technology continues to advance at a
rapid rate. Advancements include increases in integrated
circuit die density which allows for ever-increasing amounts
of circuitry 1n any given die size, and also include increases
in speeds at which integrated circuits operate. Higher inte-
orated circuit die densities and increased integrated circuit
speeds combine to increase the computational speed 1in
computers and other electronic devices.

Along with increased density and speed of integrated
circuit devices comes increased power consumption. State-
of-the-art integrated circuits can consume considerable
amounts of power, much of which gets dissipated as heat.
The problem of increased heat dissipation 1s exacerbated by
the fact that as integrated circuit dice shrink, the amount of
heat to be dissipated per unit arca of integrated circuit die
INcreases.

Heat 1s typically dissipated from integrated circuit dice
through packages 1n which they are housed. A surface arca
of the integrated circuit die 1s typically thermally bonded to
a part of the package for the purpose of dissipating heat from
the die. The use of a heat pipe 1s one known mechanism for
transferring heat away from an integrated circuit. A descrip-

fion of a heat pipe can be found 1n U.S. Pat. No. 5,880,524,
1ssued May 9, 1999 to Hong Xie.

As 1ntegrated circuit densities continue to increase, and
the associlated quantities of heat also increase, the problem
of transferring heat away from integrated circuits becomes
even more difficult.

For the reasons stated above, and for other reasons stated
below which will become apparent to those skilled 1n the art
upon reading and understanding the present specification,
there 1s a need 1n the art for an alternate method and
apparatus to efficiently transfer heat.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross section of a refrigeration system
employing a heat pipe;

FIGS. 2A and 2B show cross sections of refrigeration
systems according to multiple embodiments of the 1nven-
tion; and

FIG. 3 shows a cross section of an integrated circuit
package.

DESCRIPTION OF EMBODIMENTS

In the following detailed description of the embodiments,
reference 1s made to the accompanying drawings that show,
by way of 1illustration, specific embodiments in which the
invention may be practiced. In the drawings, like numerals
describe substantially similar components throughout the
several views. These embodiments are described 1n suifi-
cient detail to enable those skilled in the art to practice the
invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made
without departing from the scope of the present invention.
Moreover, 1t 1S to be understood that the various embodi-
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ments of the invention, although different, are not necessar-
1ly mutually exclusive. For example, a particular feature,
structure, or characteristic described in one embodiment
may be included within other embodiments. The following
detailed description 1s, therefore, not to be taken 1n a limiting
sense, and the scope of the present invention 1s defined only
by the appended claims, along with the full scope of
equivalents to which such claims are entitled.

The method and apparatus of the present invention pro-
vide a mechanism for generating a refrigeration cycle with
a heat pipe. A heat pipe with a wicking structure and a
working fluid 1s divided mto two separate chambers by a
flow diverter. Each chamber 1s coupled to a compressor, and
cach chamber 1s coupled to the other by the wicking struc-
ture 1n the heat pipe. One chamber 1s an evaporator chamber
and the other chamber 1s a condenser chamber. The working,
fluid 1n the wicking structure adjacent to the evaporator
chamber receives heat and evaporates to become a vapor.
The vapor 1s compressed 1n the compressor and enters the
condenser chamber as a vapor. The vapor condenses 1nto the
wicking structure, releases heat, and returns to the evapo-
rator chamber.

In some embodiments, the compressor 1s an acoustic
compressor that includes an acoustic resonating chamber.
The acoustic resonating chamber has a standing pressure
wave set up by a vibrating leaf spring. The vibrating leaf
spring can be 1n the compressor, the evaporator chamber, or
the condenser chamber. In some embodiments the leaf
spring 1s made of a piezoelectric material excited at the
resonant frequency of the acoustic resonating chamber.

An 1integrated circuit package employs the refrigeration
system to remove heat from an integrated circuit. The result
1s a compact, eflicient, refrigeration cycle device that can
remove heat from an integrated circuit under extreme heat
conditions.

FIG. 1 shows a cross section of a refrigeration system
employing a heat pipe. Refrigeration system 100 includes
heat pipe 110 and compressor 160. Heat pipe 110 includes
evaporator chamber 104 and condenser chamber 108 sepa-
rated by flow diverter 106. Evaporator chamber 104 and
condenser chamber 108 are coupled to each other by wick-
ing structure 102 around the perimeter of heat pipe 110.

Wicking structure 102 1s a porous material through which
working fluid can travel from condenser chamber 108 to
evaporator chamber 104. Flow diverter 106 1s a solid mate-
rial that forms a barrier between evaporator chamber 104
and condenser chamber 108 such that a pressure differential
between the two chambers can be supported. The working
fluid within refrigeration system 100 1s a multi-phase liquid
that can change between a liquid and a vapor at the operating
temperatures and pressures of refrigeration system 100. In
some embodiments, the working fluid 1s water. In other
embodiments, the working fluid 1s methanol, Freon, or a
Freon substitute.

The cross section of heat pipe 110 as shown 1 FIG. 1 1s
rectangular, but this 1s not a limitation of the present
invention. Heat pipe 110 can be any shape. For example,
heat pipe 110 can be rectangular, cylindrical, spherical, or
any other shape useful for a particular application. In some
embodiments, heat pipe 110 1s shaped to conform to a
surface of an 1tem being cooled. For example, heat pipe 110
can be a rectangle of sufficient size to be thermally coupled
to an integrated circuit. This 1s shown in FIG. 3, and
described below with reference thereto.

Compressor 160 1s coupled to heat pipe 110 by one-way
valves 116 and 114 and tubes 161 and 162. Compressor 160
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can be any type of compressor capable of creating pressure
differentials sufficient to operate one-way valves 114 and
116, and to nearly adiabatically compress the vapor to higher
temperature and pressure. In some embodiments, compres-
sor 160 1s a continuously rotating device such as a screw
compressor or a turbine compressor. In other embodiments,
compressor 160 1s a reciprocating device, such as a piston
compressor. In other embodiments, compressor 160 1s an
acoustiC Compressor.

Refrigeration system 100 operates as an integral part of a
refrigeration cycle. In other words, refrigeration system 100
includes elements that represent the four parts of a refrig-
eration device: evaporator, compressor, condenser, and
expansion valve. During the refrigeration cycle, working
fluid within wicking structure 102 absorbs heat 140 and
evaporates 1nto evaporator chamber 104. The working fluid
then travels as a vapor from evaporator chamber 104
through one-way valve 116 and enters compressor 160. This
working fluid flow 1s shown at 111. Compressor 160 com-
presses the vapor to higher pressure and temperature. This
compressed vapor enters condenser chamber 108 through
one-way valve 114. This working fluid flow 1s shown at 112.

Working fluid within condenser chamber 108 1s at a
higher temperature and higher pressure than the vaporous
working fluid in evaporator chamber 104. Within condenser
chamber 108, high temperature working fluid enters wicking
structure 102 changing phase from a vapor to a liquid and
dissipating heat 142 through the wall of heat pipe 110 1n the
process. Because flow diverter 106 separates evaporator
chamber 104 and condenser chamber 108, and condenser
chamber 108 is at a higher pressure than evaporator chamber
104, the working fluid travels through wicking structure 102
around flow diverter 106 to evaporator chamber 104. Wick-
ing structure 102 operates as a throttling device 1n a refrig-
eration cycle. The working fluid arrives 1n evaporator cham-
ber 104 at a lower pressure and temperature, ready to receive
heat and start the refrigeration cycle once again.

FIG. 2A shows a cross section of a refrigeration system.
Relfrigeration system 200 includes heat pipe 110 and acous-
tic compressor 120. Acoustic compressor 120 includes
acoustic resonating chamber 122, which 1s coupled to heat
pipe 110 by one-way valves 116 and 114. Acoustic com-
pressors and acoustic resonating chambers are described in
U.S. Pat. No. 5,319,938, 1ssued Jun. 14, 1994 to Timothy
Lucas. A standing pressure wave within acoustic resonating
chamber 122 1s produced by leaf spring valve 204.

Leaf spring valve 204 1s an example of a pressure wave
creating clement. Leal spring valve 204 vibrates at the
resonant frequency of acoustic resonating chamber 122, and
causes pressure waves to develop 1n evaporator chamber
104. As a result, one-way valve 116 opens at the resonant
frequency of acoustic resonating chamber 122 and causes
working fluid to pass therethrough. The action of working,
fluid traveling through one-way valve 116 sets up a standing
pressure wave within acoustic resonating chamber 122, and
the operation of refrigeration system 200 continues substan-
fially the same as the operation of refrigeration system 100.

Acoustic resonating chamber 122 1s shaped such that a
small excitation from a pressure wave creating element can
create a standing pressure wave that resonates therein. In
some embodiments, the standing pressure wave in acoustic
resonating chamber 122 1s generated with a pressure wave
creating element in conjunction with, or in lieu of, leat
spring valve 204. For example, a standing pressure wave
within acoustic resonating chamber can be generated with a
piston coupled to an open end of acoustic originating,
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chamber 122, an electromagnetic shaker, an electromagnetic
driver, a spinning device, or the like.

In the embodiment shown 1n FIG. 2A, leaf spring valve
204 protrudes through the outer wall of heat pipe 110 and
wicking structure 102. Terminal 202 resides on one end of
leaft spring valve 204. In some embodiments, leal spring
valve 204 1s made of a piezoelectric material, and vibrates
when an electric potential 1s applied. In these embodiments,
terminal 202 includes an electrical contact to which an
clectric potential can be applied.

Acoustic compressor 120 operates with a standing pres-
sure wave such that the area within acoustic resonating
chamber 122 near heat pipe 110 oscillates 1n pressure from
high pressure to low pressure. At points 1n time where the
pressure within evaporator chamber 104 1s higher than the
pressure 1n acoustic resonating chamber 122, one-way valve
116 opens and vaporous working fluid travels from evapo-
rator chamber 104 to acoustic resonating chamber 122. As
the pressure 1n acoustic resonating chamber 122 near heat
pipe 110 increases, one-way valve 116 closes and one-way
valve 114 opens. Working fluid then moves from acoustic
resonating chamber 122 into condenser chamber 108. As
long as the standing pressure wave 1s oscillating within
acoustic resonating chamber 122, acoustic compressor 120
continues to pump working fluid from evaporator chamber
104 to condenser chamber 108.

FIG. 2B shows a cross section of another refrigeration
system. Refrigeration system 250 includes leaf spring valve
214 within condenser chamber 108. As leaf spring valve 214
vibrates, one-way valve 114 opens and closes, and estab-
lishes a standing pressure wave within acoustic resonating
chamber 122. The standing pressure wave within acoustic
resonating chamber 122 creates an oscillating pressure wave
near heat pipe 110, and the refrigeration cycle operates
substantially the same as that of refrigeration system 200.

FIG. 3 shows a cross section of an integrated circuit
package. Integrated circuit package 300 includes substrate
350 and cover 308. The combination of substrate 350 and
cover 308 form cavity 322. Integrated circuit 340, heat pipe
302, and acoustic compressor 316 reside within cavity 322.
Integrated circuit 340 1s electrically coupled to substrate 350
and thermally coupled to heat pipe 302 at an integrated
circuit mating surface of heat pipe 302.

Heat pipe 302 includes flow diverter 304 which divides
heat pipe 302 1nto evaporator chamber 364 and condenser
chamber 366, and also functions as a thermal insulator
therebetween. Leal spring valve 314 located 1n condenser
chamber 366 vibrates and causes one-way valve 318 to
periodically open, setting up a standing pressure wave
within acoustic compressor 316. When acoustic compressor
316 has a standing pressure wave therein, the refrigeration
cycle occurs. The refrigeration cycle draws low pressure
vaporous working fluid through one-way valve 320 from
evaporator chamber 364 1nto acoustic compressor 316, and
pumps high-pressure vaporous working fluid through one-
way valve 318 into condenser chamber 366. Heat 1s trans-
ferred to cover 308 as working fluid travels into wicking
structure 303. Working fluid travels around flow diverter
304, through wicking structure 303 and into evaporator
chamber 364, and the refrigeration cycle repeats.

As previously described, heat travels from heat pipe 302
to cover 308. Heat continues from cover 308 to heat sink 360
where 1t 1s dissipated. In some embodiments, integrated
circuit package 300 includes fan 370 to increase airtlow
across heat sink 360 and to increase heat transfer efficiency.
Fan 370 can be a fan fastened to heat sink 360, or can be a
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fan fastened to another structure and positioned to create
airflow across heat sink 360.

FIG. 3 shows leal spring valve 314 within condenser
chamber 366. In some embodiments, leaf spring valve 314
1s within evaporator chamber 364. In other embodiments,
leaf spring valve 314 1s within acoustic compressor 316.
Leaf spring valve 314 directly produces a standing pressure
wave within acoustic compressor 316 when leaf spring valve
314 1s within acoustic compressor 316, and indirectly pro-
duces a standing pressure wave within acoustic compressor
316 when 1 either evaporator chamber 364 or condenser
chamber 366. A standing pressure wave can also be gener-
ated with mechanical structures, such as a piston or the like.

Cover 308 1s shown thermally coupled between heat pipe
302 and heat sink 360. In some embodiments, heat sink 360

1s coupled directly to heat pipe 302 without cover 308
therebetween. In addition, FIG. 3 shows cover 308 shaped to
accommodate acoustic compressor 316 which 1s shown
larger than heat pipe 302 m at least one dimension, but this
1s not a limitation of the present invention. For example, 1n
some embodiments, acoustic compressor 316 1s smaller than
heat pipe 302. Also 1n some embodiments, leat spring valve
314 is not located at the top of heat pipe 302, but 1s located
at a side. In these embodiments, cover 308 can be symmetric
such that cavity 322 1s a uniform shape.

The method and apparatus of the present invention pro-
vides a compact and efficient refrigeration cycle unit capable
of removing large amounts of heat from integrated circuits.
Previously known mechanisms for generating a refrigeration
cycle typically include a separate compressor, evaporator,
condenser, and distributed tubing coupling the various com-
ponents. In contrast, the method and apparatus of the present
invention provide a compact unit capable of delivering a
refrigeration cycle without the distributed components typi-
cally associated therewith.

It 1s to be understood that the above description 1s
intended to be 1illustrative, and not restrictive. Many other
embodiments will be apparent to those of skill in the art
upon reading and understanding the above description. The
scope of the mnvention should, therefore, be determined with
reference to the appended claims, along with the fall scope
of equivalents to which such claims are entitled.

What 1s claimed 1s:

1. A refrigeration system comprising:

a wicking structure;
a working fluid 1n contact with the wicking structure; and

a compressor conflgured to pump the working fluid,
wherein the compressor comprises an acoustic resonat-
ing chamber.

2. The refrigeration system of claim 1 wherein the acous-
fic resonating chamber 1s configured to be excited mechani-
cally to create standing pressure waves within the working
fud.

3. The refrigeration system of claim 1 further including a
flow diverter to create a high pressure condenser chamber
and a low pressure evaporator chamber, the high pressure
condenser chamber and the low pressure evaporator cham-
ber being fluidly coupled by the wicking structure.

4. The refrigeration system of claim 3 further including a
first one-way valve from the low pressure evaporator cham-
ber to the acoustic resonating chamber, and a second one-
way valve from the acoustic resonating chamber to the high
pressure condenser chamber.

5. The refrigeration system of claim 3 further including a
leal spring valve within the low pressure evaporator
chamber, the leat spring valve being configured to vibrate
and create acoustic pressure waves within the working fluid.
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6. The refrigeration system of claam 5 wherein the leaf
spring valve 1s comprised of a piezoelectric material.
7. A heat pipe cooling system comprising;:
an acoustic compressor having an acoustic resonating
chamber; and

a heat pipe fluidly coupled to the acoustic compressor,
wherein the heat pipe includes a flow diverter dividing
the heat pipe nto an evaporator chamber and a con-
denser chamber, and the heat pipe further includes a
wicking structure coupling the evaporator chamber and
the condenser chamber.

8. The heat pipe cooling system of claim 7 further

comprising:

a first one-way valve that fluidly couples the evaporator
chamber to the acoustic resonating chamber; and

a second one-way valve that fluidly couples the acoustic

resonating chamber to the condenser chamber.

9. The heat pipe cooling system of claim 7 wherein fluid
within the acoustic resonating chamber 1s configured to be
excited by a mechanical apparatus.

10. The heat pipe cooling system of claim 7 wherein fluid
within the acoustic resonating chamber 1s configured to be
excited by an electrical apparatus.

11. The heat pipe cooling system of claim 7 further
including a piezoelectric pressure wave creating element
within the evaporator chamber.

12. The heat pipe cooling system of claim 7 further
including a piezoelectric pressure wave creating element
within the condenser chamber.

13. An mtegrated circuit package comprising;:

a heat pipe having an integrated circuit mating surface;
and

an acoustic compressor fluidly coupled to the heat pipe.

14. The integrated circuit package of claim 13 further
comprising an integrated circuit die thermally coupled to the
integrated circuit mating surface of the heat pipe.

15. The integrated circuit package of claim 13 wherein the
heat pipe 1includes two chambers, each being coupled to the
acoustic compressor by a one-way valve.

16. The integrated circuit package of claim 15 further
including a leaf spring valve 1n at least one of the two
chambers, the leaf spring valve being configured to generate
an acoustic pressure wave, such that working fluid of the
heat pipe leaves one of the two chambers and enters the
acoustic compressor at a first pressure, and the working fluid
leaves the acoustic compressor and enters the other of the
two chambers at a second pressure, the second pressure
being greater than the first pressure.

17. The integrated circuit package of claim 16 wherein the
heat pipe comprises a wicking structure coupling the two
chambers.

18. The integrated circuit package of claim 16 further
comprising a heat sink thermally coupled to the heat pipe.

19. The integrated circuit package of claim 16 further
comprising a fan thermally coupled to the heat pipe.

20. The 1ntegrated circuit package of claim 16 wherein the
leaf spring valve 1s comprised of a piezoelectric material.

21. An mtegrated circuit cooling device comprising:

a heat pipe having a wicking structure between an evapo-
rator chamber and a condenser chamber;

a flow diverter within the heat pipe, the flow diverter
being configured to divert working fluid flow through
the wicking structure from the condenser chamber to
the evaporator chamber; and

a compressor Huidly coupled to the evaporator chamber
and the condenser chamber.
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22. The integrated circuit cooling device of claim 21
wherein the compressor comprises an acoustic resonating,
chamber having a resonant frequency.

23. The integrated circuit cooling device of claim 22
further comprising a pressure wave creating element con-
figured to create pressure waves at the resonant frequency of
the acoustic resonating chamber.

24. The integrated circuit cooling device of claim 23
wherein the pressure wave creating element comprises a
piezoelectric material.

25. The integrated circuit cooling device of claim 23
wherein the pressure wave creating element 1s configured to
create the pressure waves 1n the evaporator chamber of the
heat pipe.

10

3

26. The heat pipe cooling system of claam 3 further
including a piezoelectric pressure wave creating element
within the low pressure evaporator chamber.

27. The heat pipe cooling system of claam 3 further
including a piezoelectric pressure wave creating element
within the high pressure condenser chamber.

28. The heat pipe cooling system of claim 8 further
including a piezoelectric pressure wave creating element
within the evaporator chamber.

29. The heat pipe cooling system of claim 8 further
including a piezo electric pressure wave creating element
within the condenser chamber.
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